Male oriental river prawns (Macrobrachium nipponense) grow faster than females, and therefore, reach larger sizes by harvest time. Histological observations have indicated that the sex-differentiation sensitive period (which includes the formation of the androgenic gland, the testis, and the ovary) is from post-larvae (PL) developmental stage for M. nipponense. In this study, we prepared four microRNA (miRNA) and mRNA libraries using samples collected from sex-differentiation sensitive period (PL7 to PL16) to perform RNA-sequencing for identifying sex-related candidate miRNAs, genes, and metabolic pathways. A total of nine intersection miRNAs were identified, of which three were highly expressed in the androgenic gland, and their expression was verified by quantitative Real-Time PCR (qPCR). These three miRNAs and their 11 predicted target genes may be strong candidates for sex-related miRNAs and sex-related genes in M. nipponense. Five vital sex-related metabolic pathways were also identified that may regulate other sex-differentiation and sex-determination mechanisms. Finding of the study provide important insights to enhance our understanding on sex-differentiation and sex-determination mechanisms for M. nipponense.
Results
De novo assembly and functional annotation. Illumina Hiseq. 2000 sequencing yielded over 56 million high-quality transcriptome reads (over 7 billion bp). De novo assembly of raw reads resulted in 102,113 unigenes (ranging from 301 to 32,201 bp) with an average contig length of 1,000.01 bp ( Table 1 ). The majority of unigenes were 301-400 bp (32.43%), followed by 401-500 bp (16.57%) and >2000 bp (11.87%) in length ( Fig. 1) .
To identify the putative functional roles of unigenes, they were compared with the non-redundant protein database and nucleotide sequences of the NCBI in the priority order of the Gene ontology (GO), Cluster of Orthologous Groups (COG) database and Kyoto Encyclopedia of Genes and Genomes (KEGG) database. A total of 25,026 (24.51%) unigenes were annotated in the NR database, while the other unannotated unigenes represent novel genes whose functions have not yet been identified. GO and COG analysis was performed to provide a structured and controlled vocabulary for describing gene products. A total of 19 biological process) were characterized with 64 functional groups (Fig. 2) . A total of 18,534 (18.15%) unigenes were assigned to the COG database, and classified into 25 functional categories ( Supplementary Figure 1) . KEGG analysis was used to identify potential candidate transcripts in biological pathways in the ladybird. A total of 8,314 (8.14%) unigenes were assigned to the KEGG database, and were mapped onto 337 predicted metabolic pathways.
miRNA expression profiling and screening for DEMs. In total, approximately 20 million copies of raw reads, ranging from 16-32 nt in length, were obtained for each of the four small-RNA libraries (Fig. 3) . The majority of reads were 21-24 nt in length. We focused on 16-26 nt sequences for downstream analysis, because this is the typical size range of small RNAs obtained by Dicer, expect for miRNAs. Maps that could be read were aligned to selected precursors and mature sequences in a miRBase database. The number of miRNA reads and miRNA in each small-RNA library are listed in Table 2 . From these miRNAs, 1,280 miRNAs were identified in at least one of the four post-larvae developmental stages, including 108 novel miRNAs, which had not been reported before in any species. Unmapped reads were related to the Rfam database, Repbase database, mRNA database and to other RNAs (eg. rRNA, tRNA, snRNA, etc.). The top nine expressed miRNAs are shown in Fig. 4 , in which the expression level of each sample group was more than 150,000 reads.
The miRNA expression profile of the PL7, PL10, PL13, and PL16 miRNA libraries were compared. Differentially-expressed miRNAs (DEMs) were identified based on TPM values ≥ 5 in either of the four groups, as determined by complete hierarchical linkage cluster analysis ( Fig. 5 ). In comparison with PL10 library, 40 miRNAs were differentially-expressed in PL7 (27 up-regulated and 13 down-regulated), 101 miR-NAs were differentially-expressed in PL13 (100 up-regulated and one down-regulated), and 243 miRNAs were differentially-expressed in PL16 (143 up-regulated and 100 down-regulated). Of the total DEMs, nine miRNAs were differentially-expressed in these three comparisons, and designated as "intersection miRNAs". Intersection miRNAs included miR-30b-5p, miR-19b-3p, miR-263b, api-miR-263a, miR-125a, miR-34c-5p, miR-1175-3p, mmu-miR-470-5p and mmu-miR-871-3p, that may play important roles in post-larval development of M. nipponense, including the formation of the androgenic gland, the testis, and the ovaries. Furthermore, these intersection miRNAs were predicted to be candidate sex-related miRNAs.
In order to further investigate the roles of the nine intersection miRNAs in sex-determination and sex-differentiation, quantitative real-time PCR (qPCR) was used to validate expression of miRNA in the testis, the ovaries, and the androgenic gland. According to qPCR analysis, three miRNAs had the highest expression level in the androgenic gland: aca-miR-30b-5p, ame-miR-263b, and cfa-miR-125a. In ovary, aca-miR-30b-5p was up-regulated by 2.59-fold, ame-miR-263b was up-regulated by 3.37-fold, and cfa-miR-125a was up-regulated by 2.12-fold ( Fig. 6A ). We also validated the expression of the three intersection miRNAs with the highest expression levels were observed in androgenic gland at PL7, PL10, PL13, and PL16. RT-qPCR results showed consistent patters with those of RNA-seq ( Fig. 6B ,C). The other six non-intersection miRNAs showed the highest expression level in the testis. No miRNA showed higher expression level in the ovaries (Fig. 6A ). Based on the functional annotation of unigenes, a total of 33 sex-related gene families were identified in the M. nipponense transcriptome ( Table 3) . Most of the genes were identified based on comparison with published data from other species [29] [30] [31] [32] [33] [34] [35] [36] [37] ; some genes were identified according to GO classification, to KEGG metabolic pathways, and to DEGs. Regulatory miRNAs are also listed in Table 3 . The regulatory relationship needs further validation.
Integrated analysis of DEMs and DEGs.
In this study, the target genes of each miRNA were predicted on the basis of its gene transcriptomes and Miranda algorithms. A total of 637 target genes, for the 40 DEMs between PL7 and PL10, 2,622 target genes for the 101 DEMs between PL10 and PL13, and 2,901 target genes for the 243 DEMs between PL10 and PL16 were identified. In total, 11 DEGs predicted as target genes of aca-miR-30b-5p, ame-miR-263b, and cfa-miR-125a, were identified (Table 4 ).
Pathway analysis and GO analysis for predicted target genes. Significantly enriched GO terms
identified from the differential expression analysis of PL7, PL13, and PL16, compare to PL10, consisted of 60 different functional terms. The functional terms cytoplasm, plasma membrane, and nucleus, had a higher number of transcripts than other terms.
A total of 81 differentially-expressed target genes in PL7 vs. PL10 were mapped to 74 different metabolic pathways. Biosynthesis of amino acids was the main metabolic pathway; three genes were mapped to this pathway. In total, 784 differentially-expressed target genes in PL10 vs. PL13 were mapped to 235 metabolic pathways. While 1,047 differentially-expressed target genes in PL10 vs. PL16 were mapped to 262 metabolic pathways. Pathways in cancer, focal adhesion, and glucagon signaling categories were the main metabolic pathways for both PL10 vs. PL13, and PL10 vs. PL16. Several genes were involved in different metabolic pathways.
Discussion
To explore the genes, gene networks, and microRNAs that are involved in sex-differentiation and sex-determination in M. nipponense, we performed RNA-seq analysis during the sex-differentiation sensitive period (PL7 to PL16). To the best of our knowledge, a total of five mRNA transcriptomes [29] [30] [31] [32] 38 , and two miRNA transcriptomes 39, 40 have been reported previously for M. nipponense. To date, transcriptomes for post-larval developmental stages have not been reported for this species. We performed integrated analysis between miRNAs and mRNA to provide justification for selecting candidate sex-related miRNAs and sex-related genes during the sex-differentiation sensitive period. Finding of the study provide important insights into the sex-differentiation and determination mechanisms in M. nipponense.
Identification of Sex-related miRNAs.
In this study, 1,280 miRNAs were identified in the four miRNA libraries based on differential expression analysis, of which 108 novel miRNAs that had not been reported in any species. The qPCR analysis showed that miR-30b-5p, miR-263b, and miR-125a were highly expressed in the androgenic gland, compared to testis and ovary. These three miRNAs have been found to promote organ development in a wide range of species across the animal kingdom [41] [42] [43] [44] . In this study, higher expression levels of miR-30b-5p, miR-263b, and miR-125a in the androgenic gland might indicate important functional roles of these three miRNAs for male differentiation and development. Thus, these three miRNAs can be considered as important drivers for sex-differentiation in M. nipponense. A total of 11 DEGs were predicted to be target genes of miR-30b-5p, miR-263b, and miR-125a. These DEGs may be strong candidate sex-related genes in M. nipponense, based on the potential functions of these miRNAs in sex-differentiation and sex-determination. However, further study is required to validate this prediction.
Identification of sex-related metabolic pathways.
De novo assembly revealed 102,113 unigenes in this study. Based on the functional annotation of unigenes, several sex-related metabolic pathways from other species were summarized. Ubiquitin-mediated proteolysis was the main metabolic pathway identified in this study, potentially involved with sex-differentiation and sex-determination in M. nipponense. The ubiquitin proteolytic system plays an important role in a broad array of basic cellular processes, including cell cycle, modulation of the immune and inflammatory responses, control of signal transduction pathways, development, and differentiation 45 . A series of DEGs involved in the ubiquitin-mediated proteolysis metabolic pathway were identified in this study, including cullin3, ubiquitin-conjugating enzyme E2 (E2), and E3 ubiquitin-protein ligase (E3) ( Supplementary Figure 2 ). Cullin3 is a member of the Cullin gene family, which has essential effects on the cell cycle, on signal transduction, and on development. Cullin3 can directly bind to E2, and participates in various biological functions 46 . A series of E2 transcripts play essential roles in the oogenesis and spermatogenesis processes, because their expression showed significant differences at various stages of testis and ovary development 47 . Ubc9, which belongs to the E2 family, plays essential roles in embyrogenesis and oogenesis during the development of M. nipponense 48 . A series of E3 transcripts are involved in the regulation of binding the target protein substrate, and in transferring ubiquitin from the E2 cysteine to a lysine residue on the target protein 49 . Sex-lethal (Sxl) is the master switch gene for somatic sex-determination in Drosophila melanogaster that acts with the genes transformer (Tra), transformer-2 (Tra-2) and double-sex (dbx) to affect sex-differentiation 50 . In M. nipponense, Sxl and Tra-2 showed similar expression patterns during embryogenesis and larval development 51, 52 . A reasonable explanation could be that Sxl may interact with Tra-2 to play important roles in embryogenesis, metamorphosis, somatic sexual development, and sex-differentiation in M. nipponense.
Foxl2 and SOX9 were identified in the M. nipponense transcriptome. Foxl2 expression is detectable in the mammalian ovary at the moment of gonadal determination 53, 54 . It has been shown that Foxl2 suppressed testicular differentiation mainly through repression of the SOX9 regulatory element 55 . In addition, the absence of Foxl2 in mice leads to insufficient secretion of IGF1, resulting in developmental retardation 56 . However, recent study showed that Foxl2 may promote the male differentiation and development in M. nipponense. Tissue distributions in M. nipponense indicated that Foxl2 mRNA expression was higher in the testis and androgenic gland than that in the ovary, and higher in males than that in females in the same tissues.
Slow-tonic S2 tropomyosin and slow tropomyosin isoforms were identified in this M. nipponense transcriptome. To date, no previous studies showed that tropomyosins are sex-related genes in any other species, excepted in M. nipponense 57 . Slow-tonic S2 tropomyosin and slow tropomyosin isoforms were reported to be highly expressed in androgenic gland of M. nipponense through comparative transcriptome analysis of that in testis and ovary 31 . Further research showed that they are novel sex-related genes in M. nipponense, which may play essential roles in the formation or maintenance of the structure of the androgenic gland 58 .
In conclusion, differences were demonstrated in transcriptomes and miRNAs at four different developmental stages of post-larval M. nipponense prawns. The integrated analysis of DEMs and DEGs suggested that three intersection miRNAs (aca-miR-30b-5p, ame-miR-263b, and cfa-miR-125a), and their predicted target DEGs, may have strong influence on sex-differentiation and sex-determination in M. nipponense. In total, 5 vital sex-related metabolic pathways were identified based on the GO and KEGG analysis of DEGs, including Biosynthesis of amino acids, Pathway in cancer, Focal adhesion, Glucagon signaling categories, and Ubiquitin proteolytic system. These findings improve our current understanding of the sex-differentiation and determination mechanisms of M. nipponense. This study provides a basic foundation but further studies are urgently needed to investigate the actual functional roles of these selected sex-related candidate miRNAs and genes in M. nipponense, and how they drive sex-determination and sex-differentiation mechanism. In this study, the specimens for PL19 were not included because we do not have enough prawns after the collection of samples from PL7 to PL16 for transcriptome construction and qPCR analysis. The cultivation of specimens during post-larval development stage under lab condition leads to a dramatically low survival rate. A large number of miRNAs, mRNAs, and genes will be highly expressed at PL19 stage. Thus, many valuable information related to the completion of androgenic gland development will be lost. The candidate sex-related miRNAs and genes obtained in this study may promote the current understanding of sex-differentiation and sex-determination mechanism in M. nipponense. The comparative transcriptome analysis of PL19 with PL7-PL16 will be further performed if the prawns for PL19 are available, in order to obtain more valuable miRNAs, mRNAs, and genes related to the completion of androgenic gland development.
Data accessibility. M. nipponense small-RNA libraries reads and mRNA transcriptome reads were submitted to the NCBI Sequence Read Archive, under the accession number SRR4292138 and SRR4292179, respectively.
Materials and Methods
Ethics Statement. We got the permission from the Tai Lake Feshery Management Council. M. nipponense is not an endangered species in China, thus it can be used for experimental purpose. All of the experimental programs involved in this study were approved by the committee of Freshwater Fesheries Research Center, and followed the experimental principles. Tissues from each prawn individuals were sheared under MS222 anesthesia, and efforts were made to minimize stress. Sample collection. Gravid females of oriental river prawn (body weights, 2.67-3.34 g) were collected from a wild population in Lake Tai, Wuxi, China (120°13′44″E, 31°28′ 22″N ). All the samples were transferred to a 500 L tank and maintained in aerated freshwater at 30 °C until the embryos developed to post-larvae developmental stages. The whole individuals from different developmental stages including PL7, PL10, PL13 and PL16 were collected and immediately preserved in liquid nitrogen until used for RNA extraction. The number of specimens for each sample group was ≥ 5. The body weight of specimens was listed in Supplementary Table 1 .
RNA extraction and quality check. In Bioinformatic analysis of microRNA and mRNA transcriptome data. Low quality reads (including reads shorter than 18 nucleotide) and extraneous sequences (adapter sequences) were initially filtered and removed using SeqPrep 59 and Sickle 60 . The clean reads between 18 and 32 bp in length were used for subsequent analysis. Non-coding RNA, such as rRNA, tRNA, snRNA, snoRNA, and scRNA were identified by aligning the obtained clean sequence to similar sequences in Rfam 11.0 and the NCBI database seraching. In order to identify known miRNA, the remnant reads were also aligned using the Blast against corresponding sequences in miRBase 21 61 and the reference genome of M. nipponense unigenes of this study, allowing a maximum of two mismatches with gaps regarded as mismatches.
Miranda was used to predict the target genes of miRNA 62, 63 . Target genes were predicted from blast matching against the existing EST and SRA sequences obtained from NCBI, and also by using M. nipponense mRNA transcriptome sequence obtained in this study as reference genomes. All miRNA targets were categorized into functional classes using the gene ontology hierarchy 64 .
The clean reads were obtained using NGS QC TOOLKIT v2.3.3 software 65 . Low quality reads were removed, including adaptor contamination, empty reads and low quality sequences (reads with more than 5% unknown 'N' or less than 25 bp). Trinity program (version: trinityrnaseq_r20131110) was used to assemble the clean reads into non-redundant transcripts 66 . The non-redundant transcripts, which are shorter than 100 bp in length and partially overlapping sequences, were removed. In order to perform the gene annotation, the resulting transcripts were then used for Blast search against the NR protein, the GO, COG, and KEGG database using an E-value cut-off of 10 −5 31 . Blast2go software was used for functional annotation by GO terms 64 . Blast software was employed to perform the functional annotation against the COG 67 and KEGG 68 database. Expression analysis of miRNAs and mRNA. miRNA expression level between different miRNA transcriptome were estimated as TPM units using RSEM software 69, 70 with the following normalization formula 71 : Normalized expression = mapped read count/total reads × 10 6 . Before normalization, miRNA expression is calculated according to the number of the reads aligned to the miRBase miRNA sequence 71 . The differentially expressed genes were filtered by EB-seq algorithm. Then a FDR (False discovery rate) analysis was used under the criteria of FDR < 0.05 72 .
Quantitative real-time PCR of miRNA. The 9 intersection miRNAs, obtained by next-generation sequencing approach, were used to perform the expression analysis in androgenic gland, testis and ovary using stem-loop qPCR. The sRNA from each sample were extracted for cDNA systhesis using a miRcute miRNA Isolation Kit (TianGen, Beijing, China) according to the manufacturer's protocol. The specific primers with a stem-loop structure were designed following Chen et al. 73 . Total RNA was reverse transcribed with miRNA spe- qPCR SuperMix-UDG (Invitrogendn, 11733-038) were used to conduct real-time quantitative PCR assays. U6 was chosen as an internal control to correct for analytical variations. The primer list has been presented in Table 5 .
The relative expression (fold changes) of selected miRNAs were calculated using the 2 −ΔΔCT method 74 , and the level of significance was analyzed by one-way analysis of variance (ANOVA) with SPSS software version 18.0. Statistically significant differences were examined by paired t-test. A value of P < 0.05 was considered to be statistically significant. Table 5 . Primers used in this study.
